Nonalcoholic fatty liver disease (NAFLD), characterized by hepatic fat accumulation in the absence of significant alcohol consumption, [12] [13] [14] [15] [16] is one of the public health concerns. [17] The etiology of NAFLD is very complicated; the risk factors include smoking, hyperlipidemia, hypertension, and lack of exercise. Previous studies illustrated that abnormal upregulation of oxidative stress, inflammation, and apoptosis could aggravate hepatic dyslipidemia and lipid accumulation, ultimately promoting the development of NAFLD. [18] [19] [20] [21] A recent study demonstrated that elevated PM 2.5 concentration was associated with first hospital admissions for NAFLD. [22] In addition, Xu et al. found that PM 2.5 exposure could upregulate cholesterol and triglyceride (TG) of serum and liver tissues, leading to hepatic dyslipidemia, which suggested that air pollution might contribute to the risk of NAFLD. [23] However, the underlying mechanism of PM 2.5 aggravating the development of NAFLD remains unclear. Therefore, we aimed to gain insight into the potential mechanisms by which long-term PM 2.5 exposure contributes to the development of NAFLD in this study.
MATERIALS AND METHODS

Animals and PM 2.5 -exposure designs
The protocol was approved by the Animal Care and Use Committee of the Capital Medical University, and the study was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (USA). Sixty male Sprague-Dawley rats (280-320 g) were randomly divided into PM 2.5 and filtered air (FA) group. All the rats were fed with a high-fat diet for up to 4, 6, and 8 weeks. [24] The PM 2.5 rats were exposed to a PM 2.5 -exposure system, and the FA rats were exposed to an environment without PM 2.5 filtered by an air strainer. [25] The rats in the exposure chamber were housed under controlled temperature (22°C ± 2°C) and humidity (40%-60%) conditions with a 12 h light/dark cycle.
Histopathology
Rats' liver tissues were cut into 4 μm-thick slices and stained with hematoxylin and eosin (HE) after perfusing and fixing according to our previous study. The extent of hepatocyte injury was then determined under light microscopy (Carl Zeiss, Jena, Germany). [23] The ratio of injured hepatocytes to the total hepatocytes was calculated; cell injury was indicated by the presence of swelling and vacuolar degeneration. To quantify the severity of hepatic injury, a point counting method on an ordinal scale was used, as described. [26] 
Serum biochemistry and liver cytokines
Serum was collected from all groups and was measured with the COBAS Integra 800 analyzer (COBAS, Mannheim, Ger many) using enzyme-linked immunosorbent assay (ELISA) for the detection of low-density lipoprotein (LDL)-cholesterol, high-density lipoprotein (HDL)-cholesterol, total cholesterol (TC), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and TG in rats. [26] Furthermore, liver levels of interleukin-17 (IL-17), tumor necrosis factor-alpha (TNF-α), superoxide dismutase (SOD), and malondialdehyde (MDA) were determined by ELISA.
RNA assay
TRIzol reagent (Invitrogen, California, USA) was used for extracting total liver RNA. [23] Then, the complementary DNA was amplified by real-time polymerase chain reaction (Applied Biosystems, CA, USA) according to our previous procedure: 95°C for 15 min, 95°C for 10 s, and 60°C for 30 s of 40 cycles. The cycle time was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the same sample. The primers for rat B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X protein (BAX), and GAPDH are summarized in Table 1 .
Western blotting
The isolated liver tissues were conducted for analysing protein expression by Western blotting, as described. [27, 28] Primary antibodies, including anti-Bcl-2 (1:2000, ab196495, Abcam, Cambridge, MA, USA), anti-BAX (1:2000, ab77566, Abcam, Cambridge, MA, USA), and anti-β-actin (1:2000, G1001, Guanxingyu, Beijing, China), were incubated on the polyvinylidene fluoride membrane for 24 h at 4°C. The membranes were then washed three times with phosphate-buffered saline and reincubated in secondary antibody for 1 h at room temperature. An enhanced chemiluminescence system was used to detect immunoreactive bands. Western blotting images for each antibody were analyzed using an image analysis program (ImageJ V1.42q, software, National Institutes of Health, Bethesda, MD, USA) to quantify protein expression in terms of relative image density.
Statistical analyses
Statistical analyses were performed with SPSS Statistics for Windows, Version 17.0 (SPSS Inc., Chicago, IL, USA). Differences among groups were assessed using one-way ANOVA with a statistical significance level of P < 0.05. Post hoc comparison among groups was performed using the least significant difference method.
RESULTS
PM 2.5 decreased rats' body weight
During PM 2.5 exposure, rats' body weight was recorded every week. A significant decrease in body weight could be found in PM 2.5 -exposure groups for 4, 6, or 8 weeks [ Figure 1 ].
PM 2.5 significantly aggravated liver histology
To determine whether PM 2.5 exposure could aggravate hepatic dyslipidemia, the liver tissues were stained by HE. As shown in Figure 2 , PM 2.5 reduced the damaged hepatocyte ratio, which was deter mined by the presence of severe swelling and vacuolar degeneration in liver.
PM 2.5 aggravated serum biochemical abnormalities
To observe the liver functions' exposure in PM 2.5 , serum biochemical criteria were examined. An increasing serum level of ALT, AST, TG, TC, and LDL and a decreasing serum level of HDL could be found in PM 2.5 exposure, as shown in Figure 3 . AST levels (U/L) increased from ~120 to ≥150 after 4 weeks, and similar results were noted after 6 and 8 weeks. ALT levels (U/L) increased from ~40 to ≥50 after 4 weeks and from ~60 to ≥80 after 6 and 8 weeks. TG levels (mmol/L) increased from 1.0 to about 1.4 after 4 weeks and 6 weeks and from 1.3 to about 1.7 after 8 weeks. TC levels (mmol/L) increased from ~1.7 to about 2.3 after 4 weeks, and similar results were noted after 6 and 8 weeks. HDL levels (mmol/L) decreased from 0.7 to about 0.4 after 4 weeks and from 0.9 to 0.5 after 8 weeks. LDL levels (mmol/L) increased from 0.5 to about 0.9 after 4 weeks and from 0.6 to 0.8 after 6 and 8 weeks.
PM 2.5 stimulated liver inflammatory response
To observe the relative inflammatory molecular response for NAFLD after PM 2.5 exposure, inflammatory cytokines collected from liver tissues after 4, 6, and 8 weeks were measured by Western blotting. PM 2.5 observably increased the protein expression of IL-17 or TNF-α compared to FA after 8 weeks [ Figure 4 ].
PM 2.5 decreased superoxide dismutase activity and increased malondialdehyde level
Subsequently, we observed the expression of SOD and MDA after PM 2.5 exposure. As shown in Figure 5 , PM 2.5 observably reduced the protein expression of SOD and enhanced the protein expression of MDA as compared to FA after 8 weeks. 
PM 2.5 increased apoptosis
To investigate the effect of PM 2.5 on apoptosis, the protein expressions of Bcl-2 and BAX were examined. As shown in Figure 6a and b, PM 2.5 obviously reduced the mRNA expression of Bcl-2 and elevated the mRNA expression of BAX after 8 weeks as compared to FA. Then, we detected the protein levels of Bcl-2 and BAX by Western blotting analyses; similar diagram forms of Bcl-2 and BAX expression could be found in Figure 6c and d. PM 2.5 obviously reduced the protein expression of Bcl-2 and elevated the protein expression of BAX after 8 weeks as compared to FA.
DISCUSSION
In this study, we explored the mechanism of PM 2.5 exposure which aggravates the progress of NAFLD. We found that long-term PM 2.5 inhalation could induce inflammation, oxidative stress, and apoptosis in NAFLD rats. Our findings mainly include (1) PM 2.5 exposure for 8 weeks can induce inflammation (IL-17 and TNF-α); (2) PM 2.5 could increase liver oxidative stress (the reduced expression of SOD and the elevated expression of MDA); and (3) PM 2.5 could arise liver apoptosis (the reduced levels of Bcl-2 and the elevated levels of BAX). Our findings were illustrated clearly in Figure 7 , which might explain the negative effect of PM 2.5 on NAFLD.
Numerous studies have indicated that inflammation plays an important role in the process of NAFLD as it is an inflammatory disease. [29, 30] In addition, studies have illustrated that abnormal upregulation of inflammation caused by stimulants could aggravate hepatic dyslipidemia and lipid accumulation, ultimately promoting the development of NAFLD. [19] In light of this, we assessed the indicators of inflammation to determine their relationship in mice whose PM 2.5 exposure increased their risk of NAFLD. We confirmed that the inflammatory factors (IL-17 and TNF-α) in the liver observably increased after PM 2.5 exposure for 8 weeks, indicating that long-term PM 2.5 exposure might induce hepatic inflammation to aggravate chronic liver injury.
Studies have indicated that oxidative stress, including reactive oxygen species, SOD, and MDA, play important roles in the development of NAFLD. [31] [32] [33] Previous studies have illustrated that abnormal upregulation of oxidative stress can promote the development of NAFLD. [21] Hence, we assessed the indicators of oxidative stress to determine their relationship in mice whose PM 2.5 exposure increased their risk of NAFLD. In our study, we found that PM 2.5 exposure for 8 weeks decreased SOD level and increased MDA content, which suggested that hepatic oxidative stress induced by long-term PM 2.5 exposure might be related to the progress of NAFLD.
Studies have indicated that activation of caspases, Bcl-2 family proteins, and c-Jun N-terminal kinase-induced hepatocyte apoptosis plays a role in the activation of NAFLD. [20] Apoptosis is a major process of diseases and is regulated by the pro-and anti-apoptotic proteins of the Bcl-2 family including Bcl-2 and BAX. [34] Upregulation of Bcl-2, as well as a decrease in BAX/Bcl-2 ratios, appears to play a key role in NAFLD. Apoptotic hepatocytes can appeal hepatic stellate cells and immunocytes to the area of fibrosis in the liver by producing inflammasomes and cytokines. [20] In light of this, we assessed the indicators of apoptosis to determine their relationship in mice whose PM 2.5 exposure increased their risk of NAFLD. We found that PM 2.5 exposure for 8 weeks decreased Bcl-2 level and increased BAX level, which indicated that hepatic apoptosis induced by long-term PM 2.5 exposure might aggravate chronic liver injury.
In summary, our data indicated that long-term PM 2.5 exposure might aggravate NAFLD through the possible mechanisms of inflammation, oxidative stress, and apoptosis. 
